Objective: To investigate the clinical applications of stereotactic body radiation therapy (SBRT) using the CyberKnife system for pelvic recurrence from rectal cancer with a focus on survival and toxicity. Methods: Between 2002 and 2006, 23 patients with recurrent rectal cancer were treated with SBRT at our institution. The median follow-up was 31 months. Sites of recurrence were presacral in seven patients and the pelvic wall in 16. SBRT doses ranged from 30 to 51 Gy (median 39 Gy) and were delivered in three fractions. Response to treatment was assessed by computed tomography. Overall and local progression-free survival and toxicities were recorded. Results: Four-year overall survival and local control rates were 24.9 and 74.3%, respectively. No prognostic factor was found to affect patient survival or local progression. One patient developed a severe radiation-related toxicity, but recovered completely after treatment. Conclusions: SBRT for pelvic recurrence was found to be comparable with other modalities with respect to overall survival and complication rates. Further studies are needed to confirm these preliminary results.
INTRODUCTION
A large number of patients (20 -50%) who undergo radical surgery for rectal cancer develop locoregional relapse (1, 2) . Most patients are not candidates for curative resection of recurrent pelvic disease, and even when radical surgery is possible, the 5-year survival rate after reoperation is ,35%. However, if no treatment is given, patients with locally recurrent rectal cancer have a median survival of up to 8 months. Also they are likely to experience severe symptoms, especially pain, and quality of life becomes extremely poor (2 -4) .
No standard for the treatment of rectal cancer local recurrence has been established. Radiotherapy and chemotherapy provide only temporary symptom relief in most cases. Furthermore, extended surgery is unpopular because of significant post-operative morbidity. On the other hand, stereotactic body radiation therapy (SBRT) is an emerging technology in the radiation oncology field. This technique utilizes stereotactic principles for localization and delivers multiple beams to well-defined targets in few fractions. Therefore, SBRT can deliver higher doses to tumors due to reduced mechanical error margin and cause less normal tissue damage, and furthermore, can have three times the biological effect of fractionated radiation therapy in cases of slowly proliferating tumor as rectal cancer.
The aims of this study were to evaluate the role of SBRT as a local treatment for pelvic lymph node (LN) recurrence after radical resection in rectal cancer, and to investigate long-term survival, local control, prognostic factors and complications in order to suggest optimal dose and to define selection criteria.
PATIENTS AND METHODS

PATIENTS
Inclusion criteria of SBRT for nodal recurrence from rectal cancer were as follows: (i) curative resection for rectal cancer; (ii) nodal recurrence after curative resection; (iii) inoperable for nodal recurrence; (iv) progression after chemotherapy for nodal recurrence; (v) size of recurrent node 2.5 -8 cm; (vi) single conglomerate recurrent node or two to three recurrent nodes close each other (,3 mm); (vii) Eastern Cooperative Oncology Group (ECOG) performance 1 or 2. Exclusion criteria were as follows: (i) recurrent node attached to colon or intestine on computed tomography (CT); (ii) recurrence at anastomosis site or residual colon; (iii) latent time from operation to recurrence ,6 months; (iv) extra-nodal active lesion on positron emission tomography (PET)/CT; (v) absolute neutrophil count ,1800 cells/ mm 3 ; (vi) platelet count ,100 000 cells/mm 3 . From September 2002 to December 2006, 35 patients with LN recurrent colorectal cancer after curative resection were treated with SBRT using the CyberKnife system (Accuray Inc., Sunnyvale, CA, USA). Of these, 23 patients were proved to have isolated pelvic area recurrence by PET or PET/CT and were enrolled for this retrospective analysis. Before starting SBRT for recurrent pelvic tumor, this method was approved at the gastrointestinal multidisciplinary tumor board, and patients or their guardians signed informed consents after receiving explanation about benefits and complications of SBRT.
Sites of recurrence were dichotomized according to the following criteria: (i) pre-sacral, recurrence at the anterior portion of the sacrum below its second segment (S2 -S5); (ii) pelvic, recurrence around the pelvic wall. Patient characteristics are summarized in Table 1 
RADIATION DOSE AND THE SBRT TECHNIQUE
We calculated SBRT dose as the normalized total dose in 2 Gy using a linear quadratic model with alpha/beta¼10 Gy. Our goal was to escalate the dose to .65 Gy in NTD to cover planned target volumes (PTV). Five patients with separated LN were treated with external beam radiation therapy (45 Gy in 1.8 Gy fraction) followed by a stereotactic single-fraction radiotherapy boost (16 Gy). The NTD was 65 Gy. For external beam radiation, the three-field technique ( posterior -anterior and bilateral portals) was used to cover the separated LN area. SBRT technique following external beam radiation was performed as same procedure as SBRT alone. Eighteen patients with conglomerated LN were treated with SBRT alone. SBRT doses ranged from 36 to 51 Gy (median 39 Gy), which had been escalated step by step, and were delivered in three fractions. Eight to 12 patients who received pelvic SBRT irradiation due to LN metastasis from a variable primary tumor, mostly rectal or uterine cervical cancer, were included in each cohort. If at least five patients in each cohort did not show Grade 4 toxicity during 3 -4 months, escalation of 1 Gy/fraction (total 3 Gy) were administered for the next cohort. However, this protocol did not apply strictly to all patients because it was not well controlled for the parameters of tumor dose and irradiated volume. During follow-up, Grade 4 toxicity as a perforation was developed in a patient to receive 51 Gy in three fractions and we stopped increasing above 51 Gy. Radiation doses, tumor volumes and estimated conventional radiotherapy doses are described in Table 1 . For SBRT, we used gold fiducials (4 mm long and 0.8 mm in diameter) as markers for tumor localization. In total, six fiducials were placed percutaneously on the sacrum, pelvic bone or soft tissue located near the tumor using an 18-gauged spinal needle under fluoroscopic guidance. Patients were immobilized using an Alpha Cradle (Smithers Medical products, North Canton, OH, USA) 5 -7 days after fiducial placement. A planning CT scan was taken in the required treatment positions in patients, and these images were then sent to the CyberKnife planning system. Gross tumor volume (GTV) was defined as a visible tumor as determined by CT. To better delineate tumor volumes, PET/CT images were used as references. The GTV was considered to be identical to the clinical target volume (CTV). PTV were expanded by a 3 mm margin to CTV in order to cover geometric uncertainties and infiltrative lesion. Radiation doses were prescribed to the 73 -85% isodose line of the maximum dose to cover 98 -99% of PTV. Approximately 50% isodose line covered GTVþprescribed dose covered GTVþ7 -12 mm (depending on the size of collimator) . 
FOLLOW-UP, RESPONSE AND TOXICITY ASSESSMENTS
Tumor response was assessed using Response Evaluation and Criteria in Solid Tumors (RECIST) at 8 weeks post-SBRT. Local failure was defined as an increase in the targeted tumor size or the presence of a new lesion in the radiation field. However, if a new lesion developed outside the radiation field, it was interpreted as distant metastasis. Acute and late toxicities were defined as symptoms that developed within 3 months post-SBRT or later, respectively. Radiation Therapy Oncology Group/European Organization for Research and the Treatment of Cancer (RTOG/EORTC) radiation morbidity criteria were used for toxicity scoring. STATISTICS Survivals were measured from SBRT or external beam radiation therapy commencement using the Kaplan -Meier method, and are reported as median values. Prognostic comparisons were performed by log-rank analysis. All calculations were performed with SPSS, version 13.0 (SPSS, Inc., Chicago, IL, USA), and P values ,0.05 were considered statistically significant.
RESULTS
OVERALL SURVIVAL AND PROGNOSTIC FACTOR
The final status of all 23 patients were confirmed using the National Database of the Ministry of Internal Affairs. Follow-up durations ranged from 7 to 65 months (median 31 months), and the 5-year overall survival rate and median survival time were 23.2% and 37 months, respectively (Fig. 1 ). There were no significant prognostic factors found to affect patients' survival (Table 2) .
LOCAL RESPONSE AND DISEASE PROGRESSION-FREE SURVIVAL
Twenty patients underwent CT scans at 8 weeks after SBRT. The remaining three patients were lost to follow-up after completing radiotherapy, and their responses could not be evaluated. In CT scans, five of the 20 patients showed a complete response, six partial response, eight stable disease, and one patient showed local progression.
During follow-up, disease progression, including local progression and/or distant metastasis, was detected in nine of 20 patients (45%). Of these, two patients had local progression, six had distant metastasis including pelvic out-field recurrence (one patient) and two had both local progression and distant metastasis. The 4-year actuarial local progression-free survival rate (follow-up duration 2 -55 months) was 74.3%. The 4-year disease progression-free survival rate (follow-up duration 2 -55 months) and median time to disease progression were 51.1% and 55 months, respectively. RT, radiotherapy; NTD 2Gy , normalized total dose in 2-Gy fraction.
698
SBRT in pelvic recurrence from rectal carcinoma TOXICITY Nine (39%) of the 23 patients exhibited Grade 1 or 2 toxicities (nausea, vomiting and/or pain) during treatment or for a short period of time after radiation treatment. Grade 3 toxicity was not reported. Grade 4 toxicity was reported in one patient (Case 23 in Table 1 ). Initially, this patient had undergone LAR, and pre-sacral recurrence was detected at 61 months post-operatively (a spherical tumor of diameter 2.7 cm). He received 51 Gy in three fractions followed by chemotherapy (FOLFOX), and a rectal perforation developed 1 month post-SBRT. He underwent an emergency operation to insert a drain tube and recovered completely. No complications occurred in the four re-irradiated patients who had initially undergone post-operative concurrent chemoradiotherapy, and no late complications were observed in any patient.
DISCUSSION
The management of patients with locally recurrent rectal cancer is challenging. For non-fixed recurrent rumors, complete resection can be achieved by limited surgery and outcomes are relatively favorable. Vassilopoulos et al. (5) and Pihl et al. (6) reported 5-year survival rates of 49 or 42%, respectively, after resection for anastomotic recurrence. However, in most cases, recurrence is detected as a fixed mass that invades the pelvic wall or sacrum, and in such cases, extensive surgery, including abdomino-sacral resection or pelvic exenteration, might be required in order to achieve adequate margins. However, inappropriate surgical intervention can cause cancer spread, severe morbidity and even mortality. Several studies (7 -11) have been undertaken to investigate the therapeutic efficacies of various treatment modalities for recurrent pelvic tumors, e.g. surgery, radiation, chemotherapy and combination therapy. Radical surgery is rarely feasible for patients with local recurrence. Moreover, the 5-year overall survival rate for complete resection without any adjuvant treatment ranges from 19 to 55%. Some reported outstanding survival rates seem to have resulted from the selection of patients with a resectable mass at the time of recurrence. However, in most recurrent cases, EBRT with or without chemotherapy is usually recommended preoperatively, and in such cases, patient survival appears to depend mainly on resectability. After complete resection, the reported 5-year survival rates range from 18.7 to 57%, whereas those after incomplete resection range from 0 to 18% (Table 3) . Some institutes have reported promising results for multimodality treatments such as pre-operative chemo-radiotherapy, radical surgery and intraoperative radiotherapy (IORT). Using this multimodality therapy, survival increased up to 53% in cases of complete resection, but the associated side effects were significantly more common (Table 3 ). In our institute, to give a high dose comparable with IORT to the tumor non-invasively, SBRT has been performed in isolated and inoperable pelvic nodal recurrence, and the 4-year survival rate and median survival were 23.2% and 37 months, respectively. Although comparisons across Table 3 . Comparison to previous studies in recurrent rectal carcinoma different studies can be problematic due to selection bias, our results are comparable with previously reported findings (Table 3) .
Theoretically, rectal cancer is classified as slowly growing tumor and would have biological benefit through hypofraction. However, to our knowledge, the optimal dose, fraction number and planning constraints for SBRT of pelvic recurrence are not available in the review of literatures. As based on reports for lung or liver metastasis from colorectal cancer treated by SBRT, the dose and fraction was started from 36 Gy in three fractions in our protocol and escalated step by step. Intriguingly, only one patient was found with grade 4 toxicity who required an operation, and this patient recovered after surgery. This patient received 51 Gy in three fractions, which was the highest dose administered to any patient. We suppose that the single most important factor that contributes to severe complications is the SBRT dose administered. Therefore, we stopped escalating more dose than 51 Gy in three fractions in the pelvic tumor.
This preliminary study demonstrates that SBRT for pelvic recurrence is comparable with other modalities in terms of overall survival and complication rate. Therefore, this study suggested that SBRT could be considered as a non-invasive local modality for inoperable, isolated metastasis less than four pelvic LN recurrence of rectal cancer when definite salvage treatment including chemotherapy was not available. Further, a well-controlled phase I/II study is necessary to confirm the optimal dose and constraints for SBRT in a large number of patients.
